Abstract. The present work aims to study the combined effect of drought and large wildfires in the Iberian Peninsula relying on remotely sensed data of vegetation dynamics and leaf moisture content, in particular monthly NDVI, NDWI and NDDI time series from 1999-2009, derived from VEG-ETATION dataset. The impact of the exceptional 2004/2005 drought on vegetation was assessed for vegetation recovering from the extraordinary fire season of 2003 and on the conditions that contributed to the onsetting of the fire season of 2005. Drought severity was estimated by the cumulative negative effect on photosynthetic activity (NDVI) and vegetation dryness (NDDI), with about 2/3 of Iberian Peninsula presenting vegetative stress and low water availability conditions, in spring and early summer of 2005. Furthermore, NDDI has shown to be very useful to assess drought, since it combines information on vegetation and water conditions. Moreover, we show that besides looking at the inter-annual variability of NDVI and NDDI, it is useful to evaluate intraannual changes (δNDVI and δNDDI), as indicators of change in vegetation greenness, allowing a detailed picture of the ability of the different land-cover types to resist to short-term dry conditions. In order to assess drought impact on post-fire regeneration, recovery times were evaluated by a mono-parametric model based on NDVI data and values corresponding to drought months were set to no value. Drought has shown to delay recovery times for several months in all the selected scars from 2003.
Introduction
Water availability is known to play a major role in vegetation dynamics in arid regions, namely in the dry prone areas of the Iberian Peninsula (Vicente-Serrano and Heredia-Laclaustra, 2004; Vicente-Serrano, 2006; . Drought occurrence in the Iberian Peninsula (IP) is relatively frequent (Sousa et al., 2011) , striking the region with apparent increasing frequency in the last two decades (1991/1992, 1994, 1998, 2002) . Therefore, if the occurrence of yet another drought in 2004/2005 cannot be considered an unexpected event, its exceptional strength has made it one of the most severe droughts that has struck IP since the early 20th century (Garcia-Herrera et al., 2007) , mostly affecting the southern sectors of both Iberian countries (Portugal and Spain). In particular, more than half of Portugal was under the effects of significant dry conditions for more than nine months (Gouveia et al., 2009 ), leading to major social and environmental impacts. Besides, this drought episode had a strong impact on Iberian ecosystems since it coincided with the period of higher photosynthetic activity (Gouveia et al., 2009 ) and may have increased tree mortality during 2005 (Catry et al., 2010 .
Mediterranean ecosystems have evolved along with wildfire disturbance, being well adapted to recover after fire (Naveh, 1975) . However, due to the changes in fire regimes registered in recent decades, namely the increase of number and extent of fire events, wildfires have become a serious problem in land management over the Mediterranean (Pausas and Vallejo, 1999) . Several authors have highlighted the importance of understanding wildfires as an ecological phenomenon characterized by the interaction of a number of factors, such as fire regime characteristics, climate conditions and the response of ecosystems to disturbance (Whelan, 1995; De Luís et al., 2001) . Pereira et al. (2005) have pointed out the existence of two main climatic factors controlling the extent of burnt area in Portugal: a relatively long dry period with absence of precipitation in late spring and early summer and the occurrence of very intense dry spells during days of extreme synoptic situations. The outstanding fire season of 2003, which coincided with a major heat wave that struck Europe , has registered the highest extent of burnt area since 1980 with more than 425 000 ha burned (JRC-EC, 2010) -about 5 % of the Portuguese mainland (Trigo et al., 2006) . Following this exceptional fire season, the severe drought of 2004/2005 preceded another remarkable one, in 2005, corresponding to the second highest extent of burnt area in Portugal since 1980, with about 338 000 ha burnt (JRC-EC, 2010; Pereira et al., 2011) and the highest extent of burned area in Spain since 1994, with more than 188 000 ha burnt (JRC-EC, 2010) , most of the events occurring in the adjacent northwestern Spanish Province of Galicia, adjacent to Portugal.
Remote sensing has been widely used to study Mediterranean ecosystems, namely to evaluate the climate impact on vegetation dynamics (Vicente-Serrano and HerediaLaclaustra, 2004; Julien et al., 2006; , to monitor post-fire vegetation recovery (Wittenberg et al., 2007; Röder et al., 2008; Malkinson et al., 2011) as well as to assess fire risk (Chuvieco et al., 2010) and burn severity (De Santis and Chuvieco, 2007; Fox et al., 2008) .
Several algorithms that aim at discriminating green vegetation are based on so-called Vegetation Indices (VIs), which combine the measured radiances reflected by land surface in different spectral bands of the atmospheric window. The Normalised Difference Vegetation Index (NDVI) relies on Red and Near Infra-Red (NIR) reflectances and essentially provides information about leaf chlorophyll levels and vegetation density. This index has been shown to be particularly useful to analyse post-fire vegetation recovery (e.g. Díaz-Delgado et al., 1998; Díaz-Delgado and Pons, 2001; Fox et al., 2008; Gouveia et al., 2010; Bastos et al., 2011) and to monitor vegetation dynamics during the extreme waterstress conditions such as those observed in Portugal during the 2004/05 drought (Gouveia et al., 2009 ). Several authors have nevertheless shown the better suitability of the Normalised Difference Water Index (NDWI), an index based on MODIS NIR (0.86 µm) and Short-Wave Infra-Red (SWIR -1.24 µm) channels, to monitor leaf water content (Gao, 1996; Ceccato et al., 2001; Hao and Qu, 2007) , the effects of drought on the canopy (Gu et al., 2007; Anderson et al., 2010) and fuel moisture content (Maki et al., 2004) . Gond et al. (2004) have in turn adapted the NDWI index proposed by Gao (1996) to SPOT-VEGETATION instrument datasets, using NIR (0.84 µm) and MIR (1.64 µm) channels (Hagolle et al., 2005) . In order to improve sensitivity to drought severity, Gu et al. (2007) proposed an index that combines information on vegetation activity and water content, the so called Normalised Difference Drought Index (NDDI). This index, which is simply obtained through the normalised difference between NDVI and NDWI, has shown to have a better response to summer drought conditions. Gouveia et al. (2010) have proposed a methodology to estimate the time required for post-fire vegetation recovery by fitting a mono-parametric model to observed NDVI data from SPOT-VEGETATION instrument. This model was upgraded and successfully applied to monitor several large burnt scars in Portugal that resulted from the fire seasons of 2003 , 2004 (Bastos et al., 2011 . One should however recognise that the use of post-fire recovery algorithms based solely on NDVI is not easily implemented in other areas with a Mediterranean type of climate. Including the above mentioned water related indices (NDWI and NDDI) in the analysis of drought would allow extending its applicability to other areas outside Portugal, namely to those prone to drought events. Such inclusion would also provide a sounder physical basis to the mono-parametric model of post fire vegetation recovery.
The aim of the present work is to assess the impact of water scarcity conditions which were observed during the 2004/2005 drought in the IP on pre-fire vegetation dynamics as well as in post-fire vegetation recovery. As specific goals, the work intends i. to assess the impact of drought on vegetation dynamics during the hydrological year of 2005 using NDVI, NDWI and NDDI indices;
ii. to estimate drought impact on times of post-fire vegetation recovery for selected scars with respect to the 2003 fire season;
iii. to evaluate drought impact on vegetation dynamics for the months preceding the 2005 fire season. In particular to (1) compare drought effects on different land-cover types, over burned and unburned pixels; (2) identify differences between areas affected by drought and areas not severely affected; and (3) assess the impacts of prefire conditions on fire damage and recovery times. In the case of the scars from 2003, the study focuses on the way the drought affects the recovery process almost 2 yr after the fire events. On the contrary, relatively to the 2005 scars, the analysis respects to the impact of drought on pre-fire vegetation behaviour for different land-cover types.
Data and methods

Vegetation dynamics and drought monitoring
In the present work, the assessment of vegetation dynamics relies on corrected NDVI datasets as acquired from VEGE-TATION instrument on board of SPOT4 and SPOT5 satellites and covering the whole IP. Since 1998, the VEGE-TATION instrument has been providing high quality global monitoring on a daily basis of land-cover dynamics, in the Blue (B0, 460 nm), Red (B2, 670 nm), Near Infra-Red (B3, 840 nm) and Medium Infra-Red (MIR, 1640 nm) spectral bands (Hagolle et al., 2005) .
Radiometric and NDVI data were extracted from the S10 products of the VITO database (http://free.vgt.vito.be), which provides a 10-day synthesis of the daily products, based on the maximum-value composite method (MVC). This method consists in selecting, for each pixel, the highest value of NDVI for each 10-day period, thus allowing to remove most of the cloudy pixels (Holben, 1986) , provided MVC data are already corrected for atmospheric effects, using a modified version of the Simple Method for the Atmospheric Correction (SMAC) code that accounts for absorption and scattering processes (Rahman and Dedieu, 1994) . Geometric and radiometric corrections are also performed, according to the procedures described in Maisongrande et al. (2004) . S10 products are organised on a regular latitudelongitude grid, using the WSG84 ellipsoid, at the resolution of 0.008928 • (approximately 1 km 2 over the Equator). B3, MIR and NDVI data for the Iberian Peninsula were selected for a region extending from 36 • N to 44 • N and from 9.5 • W to 3.5 • E within a period ranging from September 1998 to August 2009.
In order to generate a continuous European vegetation phenology dataset at 10-day temporal and 0.1 • spatial resolution, each annual time series of MVC-NDVI was analysed and corrected following the procedure applied by Stöckli and Vidale (2004) to the Pathfinder NDVI data. This procedure comprises a spatial interpolation to replace processing artefacts and no-data values in the dataset and the adjustment of NDVI time series by using a temporal interpolation that relies on a weighted second-order Fourier analysis as described by Sellers et al. (1992) and Los (1998) , in which different weighting functions are assigned to vegetation with a continuous transition between growing and non-growing period, such as evergreen, and between dormant and active periods for vegetation with a marked vegetative cycle. A full description of the procedure may be found in Gouveia et al. (2009) .
NDWI is defined according to Gond et al. (2004) as
Following Eq. (1), NDWI data were computed using B3 and MIR data. The corrections applied to the NDVI series described above were also performed on NDWI values in order to replace processing artefacts and no-data values in the dataset. Since NDWI values also present a seasonal cycle (Gu et al., 2007) , a temporal interpolation based on a second order Fourier analysis was performed, similar to the one applied on NDVI values.
NDDI values were simply computed according to the definition proposed by Gu et al. (2007) :
A comparison between the three indexes (NDVI, NDWI and NDDI) and an assessment of the performance of NDDI as a drought indicator for grassland may be also found in Gu et al. (2007) . Information about land-cover over the Iberian Peninsula was based on Global Land Cover 2000 (GLC2000) provided by the Global Environment Monitoring Unit of the European Commission Joint Research Centre (http://bioval.jrc.ec. europa.eu). GLC2000 makes use of a dataset of 14 months of pre-processed daily global data acquired by the VEGETA-TION instrument on board the SPOT 4 satellite. GLC2000 data are provided at 1km spatial resolution and information is stratified into 22 classes of land-cover. Gouveia et al. (2010) proposed a simple procedure to detect very large burnt scars from 2003 in Portugal, based on a K-means cluster analysis (MacQueen, 1967; Hartigan and Wong, 1979) of monthly MVC-NDVI anomalies performed over each hydrological year. Hydrological year is defined as the period spanning from September of the previous year to August of the considered year. The same procedure has also shown to provide satisfactory results in mapping burnt scars from 2004 and 2005 in Portugal, subject to the condition that pixels corresponding to burnt scars from previous seasons were removed (Bastos et al., 2011) .
Burnt areas and vegetation recovery
Since the method is based on unsupervised clustering of pixels with similar phenology, its application to a much broader area such as the entire IP must be performed cautiously. In fact, this region comprises a large diversity of ecosystems ranging from dense forests in the North to arid regions in the South that may introduce large variability on the analysis of the anomaly over any hydrological year. A preliminary cluster analysis of annual NDVI values over the 11-yr period was accordingly performed in order to define four eco-regions characterized by similar phenology. Based on information provided by GLC2000, the four eco-regions were associated with (1) deciduous and evergreen forests; (2) forests and shrubland; (3) cultivated and managed areas and (4) and 2 were retained for large burnt scar identification as derived from the procedure developed by Gouveia et al. (2010) with the upgrades and corrections introduced by Bastos et al. (2011) . Results obtained for the two fire seasons ( 
Drought assessment
As shown in previous works, the hydrological year of 2004/2005 was characterized by an exceptional drought over IP with less than 40 % of the climatological precipitation being registered in the southern sectors (Garcia-Herrera et al., 2007) . According to Gouveia et al. (2009) , roughly 65 % of the area of Continental Portugal registered monthly anomalies of NDVI below −0.025 for 9 or more months, mainly affecting areas with non irrigated crops. These effects were enhanced by a previous "minor" drought that had been oc- 
Drought impact on vegetation behaviour
The NDVI time series averaged over the IP as well as for two different land-cover types are presented in Fig. 2 (top panel). Arable land and needle leaved forests reveal distinct phenologies, the latter presenting lower intra-annual variation, as expected. On the other hand, arable land presents a marked vegetative cycle. The effects of droughts on plant phenology (NDVI, top panel) and moisture content (NDWI, middle panel) are visible, especially for the years of 1999 and 2005, both characterised by prolonged dry periods. However, the effect of drought in 2005 over needle-leaved forests is more evident in NDDI, which increased continuously until summer (Fig. 2, lower panel) . This feature, is worth emphasizing since it translates into the ability of NDDI to assess drought events during summer making it more adequate to monitor vegetation dryness than NDVI or NDWI alone. It may be noted that the increase in NDDI is less pronounced in the case of the 1999 event but this may be due to the fact that the scarcity of water in the soil only remained until spring, as opposed to the 2005 event where it persisted until summer (Gouveia et al., 2009) .
The temporal evolution of the anomalous patterns of NDVI, NDWI and NDDI during the hydrological year of 2005 ( From April until June, roughly two-thirds of the IP vegetation was under vegetative stress and presented very low moisture content. Accordingly, very high positive values of NDDI anomaly were observed over a large extent of land, especially over Eastern Iberia in winter and Southern Iberia during summer. It should be noted that the low water content in the vegetation detected in winter months (predominantly in the eastern sector of IP) results from the dry conditions that were registered in that area throughout 2004 (Levinson, 2005) .
Following Gouveia et al. (2009) , the duration of vegetative stress conditions for each pixel was evaluated by computing Even though both maps appear dominated by relatively similar patterns, different features of drought effects may be uncovered over IP. In general, most regions where vegetation has been under vegetative stress for several months also present a long period with very low moisture content. However, there are other regions, namely the Atlantic coastal ones between central Portugal and the Pyrenees, where despite presenting several months of vegetative stress, no evident effects on water availability may be observed. In fact, while about 27 % of IP presented negative values of NDVI anomaly for six or more months, similar water-stress conditions, as those observed using NDDI anomalies, were monitored around 32 % of the territory. These results indicate that NDDI is more sensitive to capture the effect of drought on vegetation activity, since it combines information on both photosynthetic activity and water availability. In order to evaluate the average vegetation activity and water conditions during late winter/spring and early summer months (from February to June), the corresponding mean values of NDVI and NDDI (hereafter denoted NDVI M and NDDI M , respectively) were computed. For each burned area (Fig. 5, top panels) , dispersion diagrams of centroids of pairs {NDVI M , NDDI M } were then computed with the aim of estimating the intensity, duration and corresponding effect of drought on vegetation and, therefore, assessing the impact of dry conditions on the recovery process. In the case of 2005 burned areas (Fig. 5, right top panel) , the computation was naturally performed over the pixels inside the respective scars, whereas in the case of 2003 (Fig. 5, burnt scars corresponds to a distinct setting with higher vegetation density (higher biomass) and higher leaf moisture. In fact, A5 and A6 present a higher level of dryness and lower density of green vegetation (less but driest biomass) while A9, A10 and A12 correspond to higher levels of moisture content and higher density of green vegetation (more wet biomass).
Additionally, and in order to assess changes, in photosynthetic activity and in leaf moisture content, occurring between late winter and spring (February-May) and early summer (June-July), an analysis was performed to the differences of both NDVI and NDDI between summer and late winter, which are defined as follows:
Values of δNDVI and δNDDI were accordingly computed for each pixel surrounding the burn scars A1 to A4 with regard to the fire season of 2003 (Fig. 5, left bottom panel) and over burnt scars A5 to A12 of 2005 (Fig. 5, right bottom  panel) . A negative value of δNDVI implies a strong decrease of green vegetation (i.e. either less green or less dense vegetation) from late winter to early summer, whereas a negative value of δNDDI points to an increase of leaf moisture from late winter to early summer.
Centroids corresponding to the pairs {δNDVI, δNDDI} respecting to each burnt scar reveal marked differences on the respective behaviour, especially for those more severely affected by the 2004/2005 drought. Centroids presenting low negative values of δNDVI and positive values of δNDDI (2nd quadrant) correspond to areas registering a decrease in vegetation density and in moisture content (Fig. 5 bottom, left  panel) .
In the case of A4 and A1, green vegetation markedly decreased in density and dried out from winter to summer, while vegetation became denser and moister for A2. Finally, burnt area A3 does not reveal a marked change from late winter to early summer, but presents the highest value of NDDI M , an indication that this burnt scar was under particular intense dry conditions over the entire period from February to June. On the other hand, vegetation in A4 presents the lowest level of dryness, i.e. the lowest NDDI M over the period from February to June (Fig. 5 top, left panel) . The relatively lower level of dryness of A4 could be related with eucalyptus being the predominant vegetation type which is particularly adapted to drought conditions.
In the case of 2005, only A6 and A7 present high δNDDI and negative δNDVI values, which correspond to an evolution towards a less green and drier vegetation however, as explained above, A7 does not present a marked dryness level (Fig. 5 top right panel) . Despite presenting a distinct behaviour from the other two cases, A5 is considered to have been affected by drought since vegetation maintained very high values of NDDI M throughout the period preceding summer (Fig. 5 top right panel) . The positive δNDVI values are worth being noted since they may be associated with the phenology of vegetation in this scar, characterised by a peak of activity in summer. The corresponding δNDDI values simply indicate that very low moisture conditions were observed mainly during spring and not summer.
Drought influence on different land-cover types
Values of pairs {δNDVI, δNDDI} and {NDVI M , NDDI M } were also computed for pixels corresponding to the main land-cover classes and the distribution of the corresponding centroids was analysed for the two fire seasons of 2003 and 2005 (Fig. 6) .
As in Fig. 5 , results for 2003 refer to the surrounding of burnt areas (Fig. 6, left panel) and to all the considered burnt scars of 2005 (Fig. 6, right panel) , the main difference being that burnt areas are now grouped according to the predominant four major land-cover types. Concerning the pair {NDVI M , NDDI M } two contrasting features may be observed in the two fire seasons, namely the high level of dryness (as indicated by NDDI M ) for all land-covers in the vicinity of burn scars in the 2003 fire season (Fig. 6, top left panel) and the high density of green vegetation (as obtained by NDVI M ) over the burnt scars of 2005 fire season (Fig. 6, top right  panel) . In both fire seasons, the driest land-cover types correspond to shrubland and needle-leaved with the 2005 fire season presenting higher availability of biomass, although not particularly dry. Moreover, broad-leaved forests are generally the land-cover type less affected by drought, presenting the lowest values of NDDI M (Fig. 6 top panel) .
The evolution in dryness {δNDDI} and vegetation density {δNDVI} between late winter and early summer is remarkably different for the 2003 and 2005 fire scars (Fig. 6 bottom panels). Thus, it is worth noting the higher variability of the {δNDVI, δNDDI} values for land-cover in the vicinity of burnt areas of 2003 fire season, namely in the case of shrubland that presents the highest (lowest) value of δNDDI (δNDVI), which indicates a marked increase (decrease) of dryness (vegetation) from late winter to summer. In general, shrubland and broad-leaved present a marked difference between late winter and early summer, with a large decrease in NDVI from late winter to summer and an increase in NDDI (Fig. 6 , left bottom panel), corresponding to lower photosynthetic activity and lower moisture content. On the other hand, δNDDI values for all land-covers over burnt scars of the 2005 fire season reveal lower variability and lower absolute values, as mentioned above (Fig. 6, right bottom panel) . In fact, the decrease in vegetation density is not so evident for 2005 burnt scars, namely in shrubland, as for 2003 burnt scars. Nevertheless, in both years, the decrease in NDVI and increase in NDDI from late winter/spring to summer are well apparent for shrubland, given the low negative values of δNDVI and high positive ones of δNDDI of the corresponding centroid, being particularly more evident for the 2003 fire season. Furthermore, the general differences between land-cover types are worth being stressed, as shrubland is the one with higher sensibility to dryness, whereas broad-leaved forests present lower level of dryness, as suggested by the low values of NDDI M . In fact, Mediterranean broad-leaved forests are well adapted to hot and dry summer seasons, since broadleaved species developed plant traits such as long roots that allow them to capture water at deeper levels below ground (Barboni et al., 2004) . Nevertheless, the dry conditions over a short period from late winter to summer in 2003 lead to a decrease of broad-leaved greenness and density, as suggested by the negative values of δNDVI. Despite the higher level of dryness over coniferous forest in the 5 months before summer season (as indicated by NDDI M ), it should be noted that δNDVI values do not reveal a decrease in greenness or vegetation density from late winter/spring to summer. These features confirm that coniferous forests are more resistant to short-term droughts than broad-leaved forest (Allen et al., 2010) .
Finally, it is worth stressing that results obtained confirm the usefulness of NDDI to the evaluate dryness of vegetation especially in summer months (Gu et al., 2007) , as it incorporates information on photosynthetic activity and water availability for live vegetation. In particular, its simultaneous usage with δNDVI, allows understanding the corresponding impact on vegetation greenness and density, leading to a more detailed picture of the ability of the different land-cover types to cope with short-term dry conditions.
Drought impact on post-fire vegetation recovery for 2003 fire season
As already shown, the exceptional water-stress conditions during drought over IP had a strong impact on vegetation dynamics, and may therefore have affected post-fire vegetation recovery. Following Gouveia et al. (2010) , the effect of drought on post-fire vegetation recovery was evaluated based on estimations of the so-called lack of greenness, y, which is simply defined as a departure of observed NDVI from an ideally healthy state of vegetation. As described in Gouveia et al. (2010) and in Bastos et al. (2011) , the temporal evolution of lack of greenness after a fire event may be characterised by means of a mono-parametric model which allows assessing recovery time. In the present study, the effect of drought on times of post-fire vegetation recovery was assessed by setting the values of y during the months of drought as missing data. In fact, Bastos et al. (2011) have shown that a partial removal of values of y from the time series does not affect the estimations of recovery times unless the recovery process is disrupted. In the present study, removal of values of y during drought is a simple way of generating an artificial time series of pixels that were not affected by drought, and whose impact may therefore be assessed by comparing the times of vegetation recovery as estimated by the mono-parametric model with and without missing data, i.e. with and without the effects of drought. It should be noted that, following our previous works (Gouveia et al., 2010; Bastos et al., 2011) , we use a definition of vegetation recovery that refers strictly to the reestablishment of pre-fire chlorophyll levels, or pre-fire vegetation density (vegetation greenness). The term "vegetation recovery" does not therefore refer to ecosystems' diversity recovery or to individual tree or species development (that tend to require considerable more months). As before, drought was defined as the period of 9 or more months with negative monthly anomalies of the lack-of-greenness below −0.025, averaged over a non-burnt control area surrounding each fire scar. Monthly anomalies were averaged over burned areas and unburned control areas all relative to the 2003 fire season. In case of A3, which is represented in Fig. 7 , it corresponds to 367 burnt pixels and 887 control pixels. The drought period that affected A3 may be identified by the set of points marked in blue in the time series of lack-ofgreenness, y, which correspond to the 14 months with NDVI anomaly lower than −0.025 in the control area; as already mentioned, the impact of drought was assessed by setting these points as missing data in the time series of y.
Drought length varied among selected areas, having lasted 14 months in A1 and A3, 10 months in A2, and 16 months in A4 (Table 1) . Table 1 summarises the results obtained with the application of the model without considering drought and after excluding the drought period. For A3 and A4, recovery times estimated with removal of drought months from the [34, 43] time series are considerably shorter (up to 6 months) than recovery times estimated with the complete time series. Generally speaking, when data corresponding to drought months are removed, recovery times are considerably shorter and provide a good estimation of the recovery time if the scar was not affected by drought. Burnt area A1 is an exception, but this scar presents a very irregular behaviour from 2007 onwards, with NDVI values oscillating around a stagnation level that is well below the recovery threshold, a behaviour that may be viewed as an indicator of another disturbance, as analysed in Bastos et al. (2011) . When setting those suspicious values to missing data, the behaviour is similar to the one in the other three areas, leading to lower recovery times when drought months were removed. This feature may indicate that, at least for this area, there may be an additional factor offsetting the drought effect over vegetation recovery, as the obtained recovery time is markedly longer than in the other burnt scars. Excluding drought data leads to differences both in estimated recovery times and their corresponding 95 % confidence intervals. It is worth noting that, in the case of A3, the curve for the drought-corrected model (Fig. 7 , bottom panel, black line) fits better (with narrower confidence intervals) to the observed y values than the original dataset model (Fig. 7 , bottom panel, blue line), especially during the first months after the drought period.
The same procedure was also applied on a pixel by pixel basis in order to assess spatial patterns of differences in estimated recovery times. Figure 8 represents recovery time (t R ) fields over burn pixels in A3, computed by applying the mono-parametric vegetation recovery model, pixel by pixel, to the original dataset (left panel, OD), to the dataset with values corresponding to the drought period as no-value data (central panel, D), as well as the difference between them, t R OD-t R D (right panel). It is clear that, with exception of a few pixels, the removal of drought values leads to shorter recovery times. Since these differences may be associated to differences in land-cover type response to drought, results for the two main land-cover classes (needle-leaved evergreen and shrub cover evergreen) were compared to the overall area (Table 2) . Needle-leaved forest has been under vegetative stress for a period considerably longer (28 months) than both shrubland and the overall area (14 months). This feature could be related to the progressive decrease of soil moisture since the beginning of 2004, associated with the previous minor drought that affected IP (Garcia-Herrera et al., 2007) . Furthermore, these results are in good agreement with previous works which showed that needle-leaved growth decreases and mortality increases in response to long-term dry conditions (Allen et al., 2010) . Moreover, when comparing results obtained based on the original and the drought corrected datasets, needle-leaved forest presents a markedly higher decrease (from 43 to 35 months) than the one observed with shrubland (that is just from 39 to 38 months). This fact may be explained by the different plant recovery traits that characterise each land-cover type. Coniferous in this region are composed essentially of Maritime Pine (Pinus pinaster) whose regeneration relies on seedlings that require water to develop, whereas shrubland is composed by a larger diversity of species, some of which are resprouters that have established roots that increase their resistance to drought. Setting the values corresponding to the drought period as missing values leads to different results in those landcover types whose regeneration is considerably affected by water-stress conditions, but seems to have little or no effect in those less sensitive to drought, such as evergreen shrubland (Table 2) . The extreme water-stress conditions to which vegetation is subject during drought events appear, in general, to delay the regeneration process, which is to be expected since water availability is determinant to photosynthesis and, as shown in (Gouveia et al., 2009) this drought was contemporaneous with the period of high photosynthetic activity.
Drought impact on pre-fire vegetation for 200fire season
In order to assess the impact of the 2004/2005 drought on vegetation that burned in the following fire season, δNDVI, δNDDI, fire damage and recovery time fields were calculated for each of the selected scars from 2005, i.e. A5 to A12. Following Bastos et al. (2011) , fire damage is defined as the normalised difference of NDVI values (NDVI DIFF ) before and after the fire event, both evaluated in May, and can be considered as a measure of the impact of fire on the new phenological cycle.
Difference in NDVI and NDDI distributions for burned and unburned sets of pixels
The distributions of NDVI and NDDI were analysed over the scars of 2005 and over the area surrounding the scars, in order to evaluate whether burned and unburned pixels presented differences in their response to drought over late winter, spring and early summer months before the fire (Fig. 9) .
Comparison of the behaviour of burned and unburned pixels averaged over all the considered 2005 burnt scars (solid lines) reveals marked differences between both types, with the former presenting higher values of NDVI and lower values of NDDI than those observed in the latter. Although the difference between burned and unburned pixels is kept constant throughout the year for NDVI, the difference in NDDI values is higher in late winter and early summer. This is mainly due to the lower values of NDDI for burned pixels observed during these seasons, which indicates that vegetation had higher levels of moisture availability. On the other hand, the overall higher values of NDVI observed for burnt pixels indicate higher availability of green vegetation when compared with non-burnt pixels located nearby, which present lower vegetation density of green vegetation. This is particularly clear when analysing burnt scars, such as A5 and A6, that are the most affected by dryness (i.e. with higher values of NDDI M ) (Fig. 9) , although in the remaining areas, lower values of NDVI and higher ones of NDDI, are consistently observed over the area surrounding the scar. Furthermore, these two burned scars present different responses to dry conditions. While, in the case of A6, NDVI decreases and NDDI increases continuously from late winter to early summer in burnt pixels, there is, in A5, an increase in NDVI values from late winter to early summer along with a decrease in NDDI in spring. These distinct behaviours could be associated with differences in phenology, with A5 presenting a phenological cycle that has a maximum during late summer, as well as with the distinct phases of the phenological cycle at which drought affected vegetation in each scar.
Results suggest that burned areas were characterized by higher amounts of available fuel and leaf moisture content over the months preceding the fire event, while unburned areas correspond to those pixels where vegetation was under relatively higher vegetative and water stress over the first half of year. On the other hand, the fact that unburned pixels presented markedly low values of leaf moisture content (high NDDI) during spring and summer is associated to lower levels of photosynthetic activity (low NDVI), i.e. low biomass production and, thus, less available fuel.
Finally, it is worth noting that despite presenting lower values of NDDI than the surroundings, burnt pixels are characterized by NDDI values above 0.5 and may be, considered to be relatively dry. Accordingly, results suggest a certain level of fire selectivity for pixels presenting lower vegetative and water stress over spring and early summer, which emphasises the importance of fuel availability in fire occurrence over the Iberian Peninsula (Pausas and Fernández-Muñoz, 2011; Pausas and Paula, 2012) .
Pre-fire conditions, fire damage and recovery time
In order to evaluate whether pre-fire conditions influenced the level of fire damage (NDVI DIFF ) or the time of post-fire recovery (t R ), three classes of NDVI DIFF and t R were defined based on the terciles of each variable for every pixel of all the selected scars. Centroids of pairs {NDVI M , NDDI M } were accordingly computed for each scar from 2005 and considering each class of NDVI DIFF and t R , as shown in Fig. 10 ; size of markers (small, medium or large) indicates the respective class (low, moderate or high) either of NDVI DIFF (left panel) or of t R (right panel), whereas colours identify selected scars.
Observation of dispersion diagrams (Fig. 10) for the three defined classes of both NDVI DIFF (left panel) and t R (right panel) suggests that centroids tend to be located along a narrow diagonal band ranging from low (high) values of NDVI M (NDDI M ) to high (low) values of NDVI M (NDDI M ). In particular, it may be observed that, for each scar, centroids associated either to the class of most severe fire damage (NDVI DIFF ) are characterized by the higher values of NDVI M (i.e. greener/denser vegetation) and lower values of NDDI M (i.e. vegetation less affected by dry conditions). This feature is also present for the corresponding recovery time (t R ) centroids, with the exceptions of scars A6 and A10. These results are especially interesting since they suggest that pixels associated to dense and unstressed vegetation are more prone to higher fire damage and longer times of recovery; for instance, for values of NDDI M above 0.75 there are no centroids associated to the highest class of fire damage (Fig. 10, left panel) .
As shown in Table 3 , for each scar, as well as for the main land-cover types in each scar, the relationship of NDVI DIFF with both NDVI M and NDDI M was assessed by evaluating the respective correlation coefficients between variables (values statistically significant at the 5 % level are highlighted in bold). Other land-cover types within each scar were not analysed due to the lack of a sufficient number of points.
In general, a positive relationship between NDVI DIFF and NDVI M is observed, being stronger in those areas with higher green vegetation density (A9, A10 and A12) or in areas with less water content (A6). A significant negative relationship between NDVI DIFF and NDDI M may be also observed for all regions, being again stronger in areas presenting higher fuel availability (A9, A10, A12). In the case of A6 (area with less water content, see Fig. 5 ) and A10 (area with higher biomass, see Fig. 5 ), dispersion diagrams (Fig. 11 , left panels) of the pairs {NDVI DIFF , NDVI M } and {NDVI DIFF , NDDI M } clearly show a monotonic positive relationship between {NDVI DIFF , NDVI M } and a negative relationship (Fig. 11, right panels) between {NDVI DIFF , NDDI M }. In the case of A6 (top panel) and A10 (bottom panel), the best fit of the linear adjustment is observed for {NDVI DIFF , NDVI M }, especially for A10 where it explains almost 60 % of the variance. Furthermore, in the case of the latter burnt scar, the linear adjustment also provides a good fit for {NDVI DIFF , NDDI M }, explaining almost 50 % of the variance. The differences between the two burnt scars may be due to the relative composition of each land-cover, as both areas are largely covered by needleleaved but A6 presents high coverage of shrubland and A10 of mixed forests.
The evaluation of the influence of land-cover composition in this analysis reveals marked differences between certain land-cover types (Table 3 ). The case of A7 is worth being noted since despite presenting overall low correlation values between fire damage and NDVI M or NDDI M , broad-leaved forests present very high correlations of 0.90 for {NDVI DIFF , NDVI M } and −0.86 for {NDVI DIFF , NDDI M }, which are the highest correlations observed for all cases. Needle-leaved forest, which presents the strongest correlation between the variables for the area with higher biomass (A10), generally present a positive correlation for pairs {NDVI DIFF , NDVI M } (between 0.43 to 0.73) and negative correlations for pairs {NDVI DIFF , NDDI M } (spanning from −0.41 to −0.70).
The other land-cover types follow a similar behaviour, with positive correlations being obtained for pairs {NDVI DIFF , NDVI M } and negative correlations for pairs {NDVI DIFF , NDDI M }, although in the case of shrubland, only the correlation between {NDVI DIFF , NDVI M } is significant, for evergreen shrubland pixels.
Fire damage appears, therefore, to be significantly determined by both vegetation density and water-stress conditions before fire occurrence (given by NDVI M ). Fire damage tends to be higher in the presence of higher vegetation density before fire and lower when vegetation presents high water deficits (given by NDDI M ) during the months that precede the fire. This may be related to the fact that vegetation subject to high levels of water-stress during spring and early summer may not be able to attain regular growth or may even be subject to increased mortality rates (Catry et al., 2010) . Fire damage is, thus, mainly driven by fuel availability, which in turn has been shown previously to be determined by vegetation dynamics over spring and summer before the fire season.
Although the relationship between t R classes and NDVI and NDDI values is not as clear, longer recovery times appear to be associated to higher levels of NDVI, although a weaker relationship is observed in some cases, for instance in A7.
Discussion and concluding remarks
Mediterranean ecosystems are frequently subject to severe disturbances such as droughts and wildfires which may occur simultaneously. Since vegetation behaviour in Mediterranean ecosystems is limited by water availability, understanding the combined effects of drought both in the onsetting of the fol- Drought severity was assessed by means of the cumulative negative effect on photosynthetic activity (NDVI) and vegetation dryness (NDDI) over the hydrological year. Analysis of NDVI and NDDI anomalies over 2005 indicates that roughly two-thirds of IP presented vegetative stress and low water availability conditions during spring and early summer. Values of NDDI M that were obtained for the areas surrounding the 2003 burn scars are higher than those for the burn scars of 2005, whereas the corresponding values of NDVI M are significantly lower. This implies that the 2005 burned scars correspond to a distinct setting with higher available biomass and higher leaf moisture. It is also worth stressing the general differences that may be observed between landcover types, where shrubland is the one presenting higher levels of dryness, whereas broad-leaved forests present lower water stress, as indicated by the low values of NDDI M . The analysis of the intra-annual change in vegetation greenness and density, as obtained by δNDVI values, further confirms that coniferous forests are more resistant to short-term droughts than broad-leaved forests (Allen et al., 2010) . NDDI has therefore shown to be particularly useful to evaluate the dry conditions of vegetation especially in the summer months (Gu et al., 2007) , as it combines information on photosynthetic activity and leaf moisture content. The combined usage of δNDVI, allows understanding drought impact on vegetation greenness and density, leading to a more detailed picture of the ability of the different land-cover types to cope with short-term dry conditions.
The analysis of drought influence on post-fire recovery times of 2003 burned scars reveals that water-stress conditions during drought events led to a decrease in recovery rates, delaying the regeneration process. This is due to the crucial role of water on photosynthetic activity in Mediterranean ecosystems, which also explains differences observed when assessing the impact of drought on recovery for distinct land-cover types, the recovery time of coniferous forests being particularly affected by drought due to the fact that coniferous rely on post-fire seedling germination, while others resprout from live biomass with established root systems.
The analysis of drought impact on pre-fire vegetation conditions in 2005 revealed fire selectivity for pixels presenting lower vegetative and water-stress conditions during spring and early summer, emphasizing the role of fuel availability in fire occurrence over IP. Moreover, vegetation dynamics over the months preceding the fire, in particular the fuel load, has shown to significantly influence the levels of fire damage. Finally, vegetation dynamics over the year preceding the fire appears to influence less markedly post-fire recovery times, but this analysis would require further development since recovery time depends on a large variety of factors, including fire damage.
